Abstract The leaves of most higher plants are polar along their adaxial-abaxial axis, and the development of the adaxial domain (upper side) and the abaxial domain (lower side) makes the leaf a highly efficient photosynthetic organ. It has been proposed that a hypothetical signal transported from the shoot apical meristem (SAM) to the incipient leaf primordium, or conversely, the plant hormone auxin transported from the leaf primordium to the SAM, initiates leaf adaxial-abaxial patterning. This hypothetical signal has been referred to as the Sussex signal, because the research of Ian Sussex published in 1951 was the first to imply its existence. Recent results, however, have shown that auxin polar transport flanking the incipient leaf primordium, but not the Sussex signal, is the key to initiate leaf polarity. Here, we review the new findings and integrate them with other recently published results in the field of leaf development, mainly focusing on the early steps of leaf polarity establishment.
INTRODUCTION
The leaves of most higher plants exhibit asymmetry in their adaxial-abaxial axis. For example, in angiosperm leaves, polarity in the abaxial-adaxial axis is evident in the different colors and distribution of cell types between the two sides of the leaf. The adaxial side of the leaf is usually dark green containing tightly packed palisade mesophyll cells that efficiently capture sunlight, whereas the abaxial side is a lighter green, which harbors loosely organized spongy mesophyll cells that facilitate gas exchange (McConnell et al. 2001; Husbands et al. 2009; Braybrook and Kuhlemeier 2010; Szakonyi et al. 2010) . For many vascular plants, such as Arabidopsis, the vasculature exhibits an asymmetrical arrangement with the xylem located at the adaxial and the phloem at the abaxial side (Bowman et al. 2002; Byrne 2006; Szakonyi et al. 2010) . It is tempting to speculate that the asymmetrical leaf structure of higher plants is an evolutionary consequence, as this structure may have maximized the photosynthetic efficiency of plants growing in competitive environments (Hall and Langdale 1996) .
Leaves initiate from cells in the peripheral zone of the shoot apical meristem (SAM) (Benkova et al. 2003; Reinhardt et al. 2003b) , and the newly initiated leaf primordium is usually a dome-shaped anlage composed of a small number of cells exhibiting uniform histology (Poethig and Sussex 1985; Kwiatkowska and Dumais 2003) . Since leaf polarity is evident in terms of both the polar expression patterns of several regulatory genes and morphological differentiation (Husbands et al. 2009; Braybrook and Kuhlemeier 2010; Szakonyi et al. 2010; Kuhlemeier and Timmermans 2016) , the first intimation for many plant scientists is that leaf polarity may be initiated either at, or before primordium emerging. Because of the specific position of a primordium in relation to the SAM, i.e., the adaxial side of the primordium is adjacent to the cells of the SAM central zone, whereas the abaxial region is distant from this zone, the second intimation is that the SAM may influence adaxial and abaxial differentiation, differently.
Ian Sussex, as a PhD student in 1949, first explored leaf polarity establishment, and the main results of his PhD research have been described in detail in a recent review (Kuhlemeier and Timmermans 2016) . These results, as well as his subsequent findings, opened an important field of research on plant organ development. The contributions of many researchers in this field have increased our understanding of the mechanisms directing leaf adaxial-abaxial polarity establishment.
THE SUSSEX SIGNAL
Using potato apices as experimental materials, Sussex systematically studied the effects of different types of microsurgical incisions on the formation of leaf adaxialabaxial polarity. For consistency among his experiments, Sussex defined terms for leaf primordia of different ages. Primordia that are just visible at the time of the experiment were designated as P 1 and P n , with P 1 being the youngest; and those that were initially not visible but about to emerge were named I 1 and I n , with I 1 being the oldest (Sussex 1951) . Potato is indeed a suitable material for such experiments, because in the apical region, although I 1 is invisible, its position can be estimated based on the positions of P 1 and P 2 . Thus, like the protruding and the formed leaf primordia, the incipient ones can also be investigated.
Sussex reported that when I 1 was surgically isolated by an incision across the SAM, a radialized leaf without an adaxial domain would form (Sussex 1951) . Following this finding, several other scientists repeated the microsurgical experiment by tangential incisions to isolate I 1 , and obtained similar results even using different plant species (Snow and Snow 1954; Reinhardt et al. 2005) . Almost all of those scientists, including Sussex, noted that for the microsurgical experiment the primordium age was important for obtaining adaxially defective leaves. Usually, isolation of the leaf primordium at the I 1 stage resulted in higher frequencies of radialized leaves, whereas treatment of primordia after the P 2 stage yielded only normal leaves. In 2005, Reinhardt et al. produced more elegant and convincing results in a study using tangential incisions. When they made a cut across the SAM between the SAM center and an estimated I 1 primordium, with the incision damage strictly limited to the first-layer cells, abaxialized leaves formed (Reinhardt et al. 2005) .
To explain how the incision treatment caused abaxialized leaves, Sussex first proposed in his PhD thesis that there might be a substance, produced by the SAM center, that acts as a signal and is transported to the incipient leaf primordium to direct leaf adaxial-abaxial polarity formation (Sussex 1952) . This idea was later published in one of his research articles (Sussex 1955) . Because the adaxial domain of a leaf is closer than the abaxial domain to the SAM center, a signal from the SAM center may more easily stimulate the adaxial than the abaxial domain to differentiate. The putative signal substance was subsequently named the Sussex signal (Reinhardt et al. 2005) . During the past two decades, a number of scientists have tried to identify this magic Sussex signal.
CANDIDATES FOR THE SUSSEX SIGNAL
In 2001, two genes, PHABULOSA (PHB) and PHAVOLUTA (PHV), which belong to the HD-ZIP III family, were identified (McConnell et al. 2001 ). These regulatory genes were shown to be specifically expressed in the leaf adaxial domain and to function in specifying the leaf adaxial features. Interestingly, the sequences of both HD-ZIP III genes encode proteins containing a START domain, which may be capable of binding signal substances such as sterols or lipids, as do their mammal homologs (Ponting and Aravind 1999) . Thus, the sequence analysis of HD-ZIP III genes led to the proposal that the signal proposed by Sussex may be a sterol/lipid molecule derived from the SAM center and transported to the closely neighboring tissue, the adaxial domain of a leaf, to activate HD-ZIP III genes (McConnell et al. 2001; Bowman et al. 2002) .
Subsequent findings soon refuted this notion. Two microRNAs (miRNAs), miR165 and 166, which negatively regulate HD-ZIP III transcripts by miRNA-directed cleavage of their mRNAs (Reinhart et al. 2002; Tang et al. 2003; Juarez et al. 2004; Kidner and Martienssen 2004) , were shown to coincidently pair to the transcript sequences at the location encoding the START domain. Using dominant gain-of-function alleles of the HD-ZIP III members, it was shown that the phenotypic abnormalities of these alleles were not due to changes in the amino acid sequences of the protein products, but instead, due to changes in complementarity to miR165 and 166 (Emery et al. 2003; Mallory et al. 2004) . Therefore, it is unlikely that a sterol/lipid acts as the proposed signal to initiate the leaf adaxial domain.
Because small RNAs including miRNAs can move through plant tissues (Chitwood and Timmermans 2010; Chen 2012; Sarkies and Miska 2014; Pyott and Molnar 2015) , and miR165 and 166 initially accumulate in the meristem before localizing to the abaxial domain during leaf development, it was proposed that these two miRNAs may serve as the signal (Kidner and Martienssen 2004) . This proposal was not widely accepted, because it failed to explain the role of the signal proposed by Sussex in leaf polarity establishment. Morphological observations indicated that when leaf primordia are protruded (P 1 stage), formation of the abaxial domain is a default process. Compared with the abaxial domain, the adaxial domain undergoes rapid development relatively later. Thus, if the signal really exists, it should function to promote adaxial differentiation by activating adaxial-promoting genes. However, miR165 and 166 negatively regulate the adaxialpromoting genes, the HD-ZIP III genes.
In situ analyses provided additional evidence that miR165 and 166 are unlikely to function as the signal. The mRNAs for several HD-ZIP III genes were detected in a gradient in leaf primordia, with the highest concentration in the most adaxial regions (McConnell et al. 2001; Bowman et al. 2002) . This pattern of distribution would not occur if miR165 and 166 were the signal, because after these two miRNAs were transported from the SAM center to leaf primordia, they would first meet the HD-ZIP III transcripts at the most adaxial region of primordia and eliminate their target mRNAs.
trans-acting small interfering RNAs (ta-siRNAs) are another class of mature-state small RNAs from transcripts of noncoding RNAs (Fei et al. 2013) . One ta-siRNA produced from the TAS3 gene was proposed to be the Sussex signal (Garcia et al. 2006; Nogueira et al. 2007; Nogueira et al. 2009 ). The target transcripts of TAS3 ta-siRNA are produced by the leaf abaxial-promoting genes AUXIN RESPOSIVE FACTOR3 (ARF3/ETT) and 4. It was shown that TAS3 ta-siRNA acts in the leaf adaxial domain and, thus, limits ARF3/4 functions to the abaxial domain. However, TAS3 itself is expressed in the adaxial domain of emerging leaves in Arabidopsis, and leaf tissues have all the components to process TAS3 transcripts to form mature-state ta-siRNA (Garcia et al. 2006) . These data suggested that TAS3 ta-siRNA does not act as the Sussex signal, even if TAS3 ta-siRNA is important in specifying the leaf adaxial domain.
VIEWS THAT CHALLENGE THE EXISTENCE OF SUSSEX SIGNAL
Whether leaf adaxial-abaxial polarity patterning requires a SAM center-derived signal is a question that has long been debated. Based on Sussex's model, an intact path between the SAM center and the I 1 primordium is important as the signal must go through this path. The tangential incision made by Sussex disrupted the path, and, thus, caused a radialized leaf to form. Using Epilobium hirsutum, Snow and Snow made two similar tangential incisions, one closer to I 1 that resulted in radialized leaves, and another a little further from I 1 that yielded normal leaves ( Figure 1A ) (Snow and Snow 1959) . Incisions to confine the primordium between two vertical cuts with the central part between the SAM and the primordium left undisturbed resulted in radialized leaves ( Figure 1B ). Based on these results, they concluded that leaving an area big enough for the primordium to grow after incision, but not the signal, is important for leaf polarity formation (Snow and Snow 1959) .
A separate series of microsurgical experiments to check whether the SAM influences leaf polarity establishment were performed by Wardlaw, using Dryopteris austriaca (Wardlaw 1955) . He established that a shorter tangential incision immediately adaxial to I 2 , I 1 , P 1 , or P 2 , which blocked the bridge between the SAM center and these primordia, resulted in normal leaves ( Figure 1C ). However, radialized leaves formed when the primordium was isolated by two extensive tangential incisions adaxial to the primordium but the central part was left intact ( Figure 1D ). These results also disagreed with the idea that a SAM-derived signal directs leaf patterning.
More direct evidence that the SAM center is not critical for leaf adaxial-abaxial polarity was obtained by Reinhardt et al (2003a) . Using tomato, they showed that a tangential incision between the SAM center and the I 1 primordium caused abaxialized leaves to form (Reinhardt et al. 2005) , similar to Sussex's results using potato. However, after the ablation of the central zone of the SAM, formation of the leaf primordia continued without a lag and leaf polarity appeared to be normal ( Figure 1E ) (Reinhardt et al. 2003a ). Although ablation led to the establishment of a new SAM center, the continued normal leaf production suggested that leaf morphology may not be controlled by the SAM center. Different from the model in which the Sussex signal induces differentiation of the leaf adaxial domain, several scientists have proposed that leaf adaxialabaxial polarity formation is actually a pre-patterned process (Koch and Meinhardt 1994; Husbands et al. 2009; Caggiano et al. 2017 ). This proposal is mainly based on the fact that several major players, in leaf patterning, expressed in the leaf adaxial (e.g. HD-ZIP III genes) or abaxial (e.g. KAN1 gene) domain during primordium growth, have already been asymmetrically localized in the shoot apex at the incipient leaf stage (Husbands et al. 2009; Caggiano et al. 2017) . For example, HD-ZIP III genes are expressed in the SAM center, and their expresson extends from the SAM center into the neighboring incipient, likely to the closest part, the adaxial part. This is a successive extension process that does not require the participation of an additional signal. More recent data have shown that dynamic auxin levels play an important role in determining boundary position by spatially organizing HD-ZIPIII and KAN1 expression in the SAM periphery during the pre-patterning process (Caggiano et al. 2017) , strongly supporting the pre-patterning idea.
AUXIN IS ESSENTIAL IN LEAF ADAXIAL-ABAXIAL PATTERNING
Genetic analyses have indicated that auxin is involved in leaf adaxial-abaxial patterning. In Arabidopsis, genes in the YUCCA (YUC) family encode flavin monooxygenaselike enzymes that catalyze the rate limiting step in Trp-dependent auxin biosynthesis and play important roles in local auxin biosynthesis (Zhao et al. 2001) . Although yucca1,2,4 triple mutant plants showed normal leaf polarity, leaf polarity defects were dramatically increased when the yucca1,2,4 mutant was combined with leaf adaxially or abaxially defective mutants (Wang et al. 2011b) .
Auxin polar transport has also been shown to affect leaf polarity, as plants treated with auxin polar transport inhibitors form polarity-defective leaves (Qi et al. 2014) . Genetic evidence for the importance of auxin polar transport in leaf polarity formation has also been obtained from characterizations of the pinformed 1 (pin1) mutants. In the severe pin1-1 allele, approximately one-quarter of all leaves showed severely abaxialized phenotypes (Qi et al. 2014) . Additional analyses revealed the leaf adaxial domain of the emerged primordia contained lower levels of auxin than the abaxial domain, and auxin actually flowed from the leaf adaxial domain and was transported toward the SAM center. These observations led to the hypothesis that the Sussex signal is not a substance derived from the SAM and transported to leaf primordia, but instead is the auxin flow out of leaves into the SAM through dynamic reorganization of the PIN1 transport system. Because of the genetic data, how auxin functions in the whole process of leaf polarity establishment has become an important issue to be further investigated.
AUXIN DIRECTS LEAF PATTERNING AT INCIPIENT STAGES OF THE PRIMORDIUM
The pin1-1 mutant that produces polarity-defective leaves is a good system for analyzing the role of auxin in leaf polarity formation, because determining PIN1-GFP localization at the cellular level is a mature technique to trace auxin flow during cell differentiation. It was reported that, at the I 1 stage of the tomato leaf primordium, PIN1 localization is directed toward the future leaf primordia from the SAM, indicating that auxin is transported to the position where a new leaf primordium initiates (Benkova et al. 2003; Reinhardt et al. 2003b; Qi et al. 2014) . At the P1 stage, the direction of this auxin flow is reversed, and auxin starts to be directed towards the SAM center (Qi et al. 2014 ). This auxin flow pattern is preserved in primordia until P 9 , and ultimately results in an imbalance of auxin levels between adaxial and abaxial domains, leading to the structural and functional differences between the two leaf domains.
Because leaf primordia yield a higher frequency of abaxialized leaves only when incipient primordia are incision-treated, the auxin flow model in the primordia from P 1 to P 9 may not correlate with the Sussex signal. A separate study focused on leaf patterning at even earlier developmental stages (Shi et al. 2017) . The tomato SAM peripheral zone may harbor two incipient primordia; an earlier emerging one I 1 and a presumable and later emerging one I 2 , based on the orderly distributed primordium pattern and the auxin flow pattern (Figure 2A ). In the area close to the SAM center, auxin flows from different orientations are directed only toward the presumable I 2 , but not I 1 ( Figure 2B ). Different from the observations reported by Qi et al. (2014) , auxin flows out of the primordium in a fanshaped manner starting at the I 1 stage and is directed toward both the SAM center and the lateral margins ( Figure 2C ) (Shi et al. 2017) . The reverse auxin flow toward the leaf margins meets the original auxin flow directed toward the incipient primordium, and thus, new auxin convergence points form at I 1 lateral regions.
It is possible that the increased auxin level at the convergence point may cause a change in cell fate from homogeneous SAM peripheral zone cells into meristematic leaf margin cells. It was demonstrated that auxin flows must have flow paths of a certain length to form an auxin convergence point at the leaf margin ( Figure  2C , pink lines), which is critical for leaf polarity formation. Interruption of the auxin flow paths, either by the tangential incision made by Sussex ( Figure 2C , green line) or lateral incisions made by Shi et al. ( Figure  2C , white lines), could result in abaxialized leaves.
Lateral incisions do not affect auxin flow through the central part of a primordium, i.e. the bridge between the SAM center and I 1 primordium remains intact after lateral incisions. This was demonstrated in a PIN1-GFP localization analysis, which indicated that auxin transport from the primordium to the SAM center was not affected by lateral incisions (Shi et al. 2017) . These data suggested that the Sussex signal may not exist during leaf patterning, and that auxin outflow from the primordium to the SAM may not be critical for leaf polarity establishment. Furthermore, the tangential incision made by Sussex is just like the lateral incision, both of which block the auxin flow required to form the lateral convergence point of an incipient primordium.
LEAF MARGINS, MIDDLE DOMAIN, AND ADAXIAL-ABAXIAL POLARITY
The leaf middle domain, which separates the leaf adaxial domain from the abaxial one, is essential for leaf polarity formation (Nakata et al. 2012) . Initiation and subsequent development of the middle domain appear to rely on the margin-featured cells of the leaf primordium and are associated with the expression of several genes in the WUSCHEL-RELATED HOMEOBOX (WOX) family. These WOX genes, WOX1 and PRESSED FLOWER (PRS) in Arabidopsis and SlWOX1 in tomato, are thought to contribute to the formation of the middle domain and the margins (Nakata et al. 2012; Shi et al. 2017) . In Arabidopsis, the double mutant wox1 prs produces abaxialized radial leaves, albeit at a low frequency, probably due to redundancy with some other WOX genes. SlWOX1 encodes the tomato ortholog of WOX1, and lateral incisions of I 1 in the tomato SAM peripheral zone were shown to abolish SlWOX1 expression (Shi et al. 2017) .
It is unclear how auxin acts to regulate WOX genes that participate in middle domain/margin formation and leaf polarity establishment. One possible explanation is that auxin first concentrates at the position where founder cells for I 2 initiation are induced ( Figure 3A, B) . The leaf founder cells in the SAM peripheral zone may soon acquire leaf margin features, or subsequent auxin flows in the lateral margins may induce the formation of margin cells (Figure 3B ), which have been demonstrated to have meristematic functions (Alvarez et al. 2016) . The expression of margin/middle domain marker genes, such as tomato SlWOX1, at the presumable I 2 position has not been reported, possibly because the area of I 2 in the SAM region is very small, which makes it difficult to detect gene expression by in situ hybridization. The founder cells proliferate and extend laterally to produce cells to form the middle domain ( Figure 3B ). In the middle part of primordia after the P 1 stage, which will develop into the part belonging to the leaf blade, SlWOX1 expression can still be detected in the middle domain, but its expression is abolished gradually toward the lateral margins at the bottom part, which will form the leaf petiole ( Figure 3C, D) .
It is possible that the middle domain may serve as a barrier to separate the relatively late initiating adaxial domain from the already formed and rapidly growing abaxial domain. Thus, without the middle-domain barrier, the rapidly growing abaxial domain may soon occupy the entire primordium. This is why a defective middle domain only results in abaxialized but never adaxialized leaves (Shi et al. 2017) . It was reported recently that leaf polarity genes are regulated by auxin in the primordium (Caggiano et al. 2017) . The WOX genes are also known to regulate the expression of both adaxially and abaxially expressed transcription factors and miRNAs (Nakata et al. 2012; Zhang et al. 2014; Zhang and Tadege 2015) . Several WOX genes carry auxin responsive elements (Figure 4) , and a recent report showed that several auxin responsive factors directly regulate the WOX genes (Guan et al. 2017) . Although the observations of Guan et al. (2017) were made at P 2 or even later stages, it is possible that both margin-specifically expressed MONOPTEROS/ARF5 and abaxially expressed ARF3, 4 may also function earlier in the I 1 stage.
CELL PROLIFERATION PROCESS CONTRIBUTES TO LEAF PATTERNING
Cell proliferation is a common process in living organisms, but how it affects leaf polarity formation, especially the leaf adaxial domain, is not fully understood. Although leaves of single cell-proliferation mutants showed normal patterning, double mutants combining a cell proliferation mutation with an adaxial domain mutation showed dramatically enhanced phenotypic abnormalities (Huang et al. 2006; Pinon et al. 2008; Yao et al. 2008; Byrne 2009; Inagaki et al. 2009; Yuan et al. 2010; Horiguchi et al. 2011; Szakonyi and Byrne 2011; Wang et al. 2011a; Xu et al. 2012; Casanova-S aez et al. 2014; Huang et al. 2014; Machida et al. 2015) . It would seem logical that cell proliferation defects should affect cell division in both adaxial and abaxial domains, so why did these mutants show enhanced phenotypes of only adaxial defects?
Based on characterizations of these mutants, one explanation is that the duration of cell division differs between adaxial and abaxial domains during leaf development. At the early stage of leaf development, a newly emerging leaf primordium usually has a relatively small adaxial domain and a more developed and enlarged abaxial domain, with cell proliferation and the growth rate slower in the adaxial than in the abaxial domain (Wardlaw 1955; Lyndon 1970; Laufs et al. 1998 ). This fact indicates that during leaf development, cell proliferation in the adaxial domain must be faster at some point of time than that in the abaxial domain to reach the final balance for both leaf sides. Thus, although cell proliferation occurs at both sides of the leaf primordia, the adaxial domain at a certain period of time is more severely affected by cell proliferation defects.
The importance of the middle domain in leaf patterning provides an additional explanation for the role of cell proliferation in leaf polarity formation, which occurs at the leaf incipient stages. After I 2 is induced, the margin-featured cells start to divide rapidly and extend laterally to form the middle domain ( Figure 3B ). Cell proliferation defects negatively affect the middle domain, and this could occur at earlier incipient stages. A previous report showed that Arabidopsis mutants lacking certain ribosome proteins showed defective cell division, but these mutations did not consistently increase the phenotypic severity when combined with leaf abaxial mutations (Horiguchi et al. 2011) . Because cell proliferation at the I 1 stage is critical for the formation of the middle domain, one explanation is that the ribosome mutations analyzed for cell division at the later leaf developmental stages may have differed in their effects on cell proliferation at the I 1 stage.
CONCLUSIONS AND PERSPECTIVES
According to the accumulated research data, it has become clear that leaf adaxial-abaxial polarity establishment does not involve a SAM-derived signal, nor does it rely on auxin flow from the emerging primordium through the central part. The dynamic auxin flow flanking the incipient primordium is the key for the initiation of leaf patterning through the activation of WOX genes by controlling the formation of the middle domain. The accumulated data also raise questions in this leaf development field. Firstly, what is the mechanism by which auxin directs WOX genes? WOX genes are known to have multiple auxin responsive elements in their gene sequences, but which regulatory factor together with auxin initiates WOX gene expression is not yet known. Secondly, what are the downstream targets of WOX genes, and what are their functions? Improved high-throughput technologies together with bioinformatic analyses may help to answer these questions, and will provide important information about the earlier stage of leaf patterning. Thirdly, how do WOX proteins work together with other polarity regulators to establish leaf polarity? The final very challenging task is to understand how dynamic auxin flows in the SAM area are guided to form at the incipient leaf stage. Strategies to explore this topic should not be only restricted to the molecular level, as fine changes resulting from already-formed morphological structures should also be considered.
